Cardiac gated images in single photon emission computed tomography (SPECT) are known to suffer from increased noise due to low data counts. In this work, we investigate a post-filtering approach for SPECT images based on nonlocal means (NLM) filtering. In order to exploit the inherent correlation of the signal components among the different cardiac gates, we employ a spatiotemporal NLM filter, in which both space and temporal neighborhoods are taken into account in the similarity processing. In the experiments, we demonstrated this approach with both simulated NCAT imaging data and a set of clinical acquisition. The results show that the use of temporal smoothing in NLM could be much more effective for improving the quality of gated images than spatial smoothing.
INTRODUCTION
Single photon emission computed tomography (SPECT) is an important technique in use today for detection and evaluation of coronary artery diseases. In cardiac gated SPECT, the data acquisition is synchronized to the ECG signal, which can provide valuable information about both myocardial perfusion and ventricular function [1] . Due to the lowered counts in individual gate intervals, the gated images often suffer from increased noise.
In recent years a growing number of spatiotemporal (4D) methods have been studied to improve the image quality in gated SPECT [2] [3] [4] [5] [6] [7] . These methods can be divided into two broad categories: (1) post-filtering approach, and (2) joint reconstruction approach. Both approaches aim to exploit the correlation of the signal components among the different gated frames in a cardiac sequence for noise reduction. In the post-filtering approach, the individual gated frames are reconstructed independently, followed by filtering along the temporal direction. In the joint reconstruction approach, the gated frames are reconstructed jointly from the entire sequence of data, wherein a smoothing prior is used to complement the acquired noisy data. While the latter approach can yield reconstruction results that are potentially more accurate, post-filtering methods are often preferred in This work was supported by NIH/NHLBI Grant HL122484.
the clinics owing to their relatively lower computational complexity.
In our recent work [4] [5] we developed a joint spatiotemporal approach for cardiac gated reconstruction, in which we demonstrated that motion-compensated smoothing among the different gates can be much more effective for improving the reconstruction accuracy than spatial smoothing. The added cost of this approach is that it involves motion estimation among the different gates.
In this work, we investigate a post-filtering approach to achieve temporal smoothing for gated images without requiring an explicit motion prior. Specifically, we employ a non-local means (NLM) filter [8] , in which we extend the similarity-based averaging across the neighboring gates in a sequence. In an NLM filter, the image at a given pixel (or voxel in 3D) is smoothed by a weighted average of the pixels in its neighborhood, where the weight factor of each contributing pixel is varied according to its similarity to the pixel under consideration. When extended to the neighboring gates in a cardiac sequence, the similarity measure in the NLM filter essentially plays the role of steering the temporal smoothing along the trajectories of cardiac motion, because a given point in the myocardium is most similar to itself across the different cardiac phases in a beating cycle.
In the literature, NLM methods recently have been widely used for noise suppression, e.g. [8] [9] [10] [11] [12] [13] [14] . For emission tomography, in [15] [16] anatomical information was used to improve SPECT images with NLM filtering in order to deal with the low resolution issue. In [11] , dynamic information was used in NLM filtering of PET images. To the best of our knowledge, NLM filtering has not been explored for gated images.
In our experiments, we demonstrate the proposed NLM approach first on simulated imaging data in which the ground truth is known for quantitative evaluation. We evaluate the reconstructed myocardium using a number of metrics: 1) overall accuracy of the myocardium, 2) regional accuracy of the left ventricular (LV) wall through bias-variance analyses, 3) accuracy of regional time activity curves (TACs). We also demonstrate the proposed approach on a set of clinical acquisition.
The rest of the paper is organized as follows: in Section 2, we describe the imaging model and the proposed NLM filtering method. Experimental results and discussions are given in Section 3, and conclusions are given in Section 4.
METHODS

Imaging model
In gated cardiac SPECT, the acquired projection data are binned into K gate intervals by using the ECG signal. The imaging model is described by the following:
where g k and k f are vectors representing the acquired data and the original image, respectively, in gate k , k s is the corresponding scatter component, H is the system matrix describing the imaging process, and is the expectation operator. In this study, both the collimator response and attenuation effect are incorporated into the system matrix H .
The goal is to determine the images f k given the sinogram data g k . Due to the low count level in the data and ill-conditioned nature of the system matrix H , a direct inversion of the image equation in (1) would lead to a very noisy reconstruction of the individual gates. In this study, we explore the use of a spatiotemporal filtering approach to suppress the imaging noise by exploiting the correlation among the individual gates.
Spatial-temporal NLM filter
Note the gated images f k in (1) are three-dimensional (3D).
For notational simplicity, we will use a single index (such as i) to denote the voxels in a given image. To facilitate the description of our NLM filtering approach for gated images, below we begin with a brief introduction of the NLM filter.
Consider an image ( ) f ⋅ , which is potentially corrupted by noise. As formulated in [8] , at a given pixel (or voxel for 3D) the NLM filter computes a weighted average over a group of pixels in the neighborhood of the given pixel location. Mathematically, the output of the NLM filter at pixel i is given by:
where i N denotes the collection of pixels in a specified neighborhood of pixel i, and w(i, j) is a weight factor which is based on the similarity between pixels i and j. Consequently, those pixels that are more similar to pixel i will contribute more to the filter output at i.
To measure the similarity level between pixels i and j, we simply compare the image intensity values in their respective local neighborhoods (called patches). That is, we take a patch of pixels around i, and a patch around j, and compare their difference. As in [8] , this patch difference is used to define the similarity between the two pixels with an isotropic Gaussian kernel as follows:
where m i l denotes pixel m within the patch of pixel i, and similarly m j l denotes the corresponding pixel within the patch of pixel j. In (3), the parameter h is used to control the level of smoothing (a larger value leads to more smoothing).
To exploit the full potential of NLM filtering for cardiac gated images, in this work we extend the filtering also along the temporal dimension, such that those similar pixels from neighboring gates will also contribute to the filter output, thereby maximizing their potential on noise reduction. Specifically, for gate k, the spatiotemporal NLM filter has its output at voxel i as follows:
where i k N denotes the neighborhood of voxel i within gate k , and ' i k N denotes its correspondence in neighboring gate ' k . In (4), Z is a normalization factor for the filter to have unity DC gain.
As in (3), the weight factors ( , )
It is noted the weight term in (5) is contributing to smoothing within the same gate (i.e., spatial smoothing), while the term in (6) is contributing to smoothing from the neighboring gates (i.e., temporal smoothing). Hence, we have introduced two separate smoothing parameters, i.e., (5); in this case, the NLM filter in (4) becomes temporal only smoothing.
Reconstruction methods
To demonstrate the proposed spatiotemporal NLM filter for gated images, we first reconstruct each gate in (1) separately using maximum-likelihood (ML) estimation. Afterward, the different gates are processed using the NLM filter in (4).
In our experiments, the OS-EM algorithm (16 subsets and 10 iterations) was used for faster convergence in reconstructing the gated images. For the NLM filter, the neighborhood size for i k N was set to 9 9 9 × × in the case of . Such a choice is out of the consideration that the neighborhood in the latter case is enlarged by pixels from neighboring gates; thus, a smaller spatial neighborhood size was used within the individual gates. This also keeps the computational cost to be comparable for the two cases. In our implementation, the number of neighboring gates in (4) was limited to 4 (i.e., ' 1 and 2 k k k = ± ± ). Finally, the patch size was set to for the similarity measure in (5) and (6) . For the purpose of comparison, we also apply a previously developed joint 4D reconstruction approach for the gated images [17] .
Quantiative evaluation with simulation study 2.4.1 Simulation data
The 4D NURBS-based cardiac-torso (NCAT) 2.0 phantom [18] was used to simulate gated SPECT imaging with Tc99m labeled sestamibi as the imaging agent (Fig. 1) . The simulation was based on a Philips Prism 3000 SPECT system with a low-energy high-resolution (LEHR) collimator. The projection data were 64×64 bins with a pixel size of 0.634 cm. For a circular camera rotation of 28.5 cm radius, 64 projection sets were collected for each gate for a total of 16 gates. The average spatial resolution at the location of the heart in the image slices was approximated 1.3 cm in full-width at half-maximum (FWHM). Both attenuation and scatter were included in the simulation. Poisson noise at a level of 8 million total counts was introduced for the entire acquisition as in a typical clinical acquisition. A total of 30 noise realizations were obtained for the purpose of quantitative evaluation.
Numerical evaluation
To quantify the overall accuracy of the reconstructed myocardium, we compute the mean squared error (MSE) of a volumetric region containing the entire myocardium, which is defined as:
where f and f denote the reference and reconstructed images, respectively, ROI denotes the volumetric region (a 2D slice is shown in Fig. 1 ), and N is the number of voxels in the region. As reference, the reconstruction from the noiseless projection of the source (without attenuation) is used. This represents the ideal case of reconstruction without distortion in acquisition (referred to as 'Ideal' hereafter). The MSE is computed over all the cardiac gates.
We also evaluate the regional accuracy of the heart wall by conducting bias-variance analyses on an ROI selected on the LV, as shown in Fig. 1 . Such analyses provide results on both the bias and variance levels of the regional intensity of the LV wall in the reconstruction.
In addition, in order to demonstrate the effect of potential temporal smoothing on cardiac motion, we also calculate the time-activity-curve (TAC) of an ROI selected near the boundary of the LV (Fig 1) . As the wall moves in and out of this ROI during the beating cycle, the intensity of the ROI will vary accordingly, and thus, serves as a good indicator on the degree of temporal smoothing. To quantify the accuracy of the reconstructed TAC of the ROI, we compute the normalized cross-correlation coefficient (CC) between the reconstructed TAC and its ideal reference [17] .
Clinical reconstruction
As a preliminary demonstration, we also tested the proposed approach on a set of clinical data, which was acquired under IRB approval with informed content. The dataset was acquired in list-mode by an IRIX system with 64 projections (3-degree steps) and a 128x128 matrix. The pixel size was 0.467 cm. The acquisition started from right anterior oblique, passed through anterior and left anterior oblique, and ended at left lateral oblique. A total of 8 gates were used. Events were recorded within a symmetric energy window centered on 140.5keV with a width of 15%. The total number of counts acquired was 12.842 millions. A scatter window was also acquired which was centered at 120keV with a 5% width. Sequential transmission imaging was used for the estimation of attenuation maps. For reconstruction, the TEW method [19] was used for scatter correction.
RESULTS AND DISCUSSIONS
In Fig. 2 , we show the MSE results of the reconstructed myocardium with different spatial and temporal smoothing settings in the NLM filter. These results were from an average of 30 noise realizations. In Fig. 2 These results show that temporal smoothing is much more effective for noise reduction in gated images than spatial smoothing. Interestingly, this observation is also consistent with 4D reconstruction wherein temporal smoothing is found to be more effective than spatial smoothing [17] .
In Fig. 3 , we show the results of bias vs. standard deviation obtained by the NLM filter. As in the MSE results above, each curve was obtained with a fixed temporal parameter h t (0.05, 0.3, or 1.5) while the spatial parameter h s varied incrementally from 0 (left end on each curve) to 0.4 (right end). As can be seen, with the increase in temporal parameter h t , the standard-deviation (std) greatly reduced while the bias level is increased; however, with the increase in spatial parameter increased at a much faster pace than the decrease in std. comparison, the results are also shown reconstruction (at the optimal MSE setting) the bias level in 4D is lower than that of NLM at its optimal MSE setting (
In Table I we show the TAC results obtained by with spatial only smoothing (NLM-S) and smoothing 0.2 t h = (NLM-ST); for each case the spatial parameter with the best MSE was used. For comparison, results are also shown for 4D reconstruction NLM-ST could achieve much higher CC than NLM it is very close to that of 4D.
In Fig. 4 , we show a set of reconstructed different methods from one noise realization phantom; for brevity only the ES and ED gates are shown As can be seen, the noise level is very high in ML. While it is somewhat improved with NLM-S, the heart wall is still noisy. In contrast, the LV is much more uniform in ST, almost matching that of 4D.
Finally, in Fig. 5 , we show the reconstruction res the clinical acquisition by the different methods seen, the LV wall is much improved in NLM with the results above in Fig. 4. 
CONCLUSION
We investigated an NLM filtering approach for post processing of cardiac gated SPECT images was extended along the temporal dimension exploit the signal correlations among neighboring gates demonstrated this approach with both simulated imaging and a set of clinical acquisition. In future work we plan further evaluate the proposed approach detection tasks. As can be seen, with the increase in deviation (std) level is greatly reduced while the bias level is increased; however, with the increase in spatial parameter h s , the bias is increased at a much faster pace than the decrease in std. For comparison, the results are also shown for the joint 4D reconstruction (at the optimal MSE setting). As can be seen, the bias level in 4D is lower than that of NLM at its optimal
In Table I we show the TAC results obtained by NLM S) and with temporal ST); for each case the spatial was used. For comparison, the reconstruction. It is noted that CC than NLM-S, and reconstructed images by the different methods from one noise realization of the NCAT ; for brevity only the ES and ED gates are shown. As can be seen, the noise level is very high in ML. While it S, the heart wall is still noisy. In contrast, the LV is much more uniform in NLMwe show the reconstruction results for by the different methods. As can be LV wall is much improved in NLM-ST, consistent NLM filtering approach for postimages. The NLM filter was extended along the temporal dimension in order to the signal correlations among neighboring gates. We demonstrated this approach with both simulated imaging clinical acquisition. In future work we plan to the proposed approach with perfusion . ROIs for time activity curve and bias variance analyses. 
